The flavivirus NS5 protein possesses both (guanine-N7)-methyltransferase and nucleoside-2´-O methyltransferase activities required for sequential methylation of the cap structure present at the 5′ end of the flavivirus RNA genome. Seventeen mutations were introduced into the Dengue virus type 2 NS5 methyltransferase domain, targeting amino acids either predicted to be directly involved in S-adenosyl-L-methionine binding or important for NS5 conformation and/or charged interactions. The effects of the mutations on i) (guanine-N7)-methyltransferase and nucleoside-2´-O methyltransferase activities using biochemical assays based on a bacterially expressed NS5 methyltransferase domain and ii) viral replication using a Dengue virus type 2 infectious cDNA clone were examined. Clustered mutations, targeting the S-adenosyl-L-methionine binding pocket, or an active site residue, abolished both methyltransferase activities and viral replication demonstrating that both methyltransferase activities utilise a single S-adenosyl-L-methionine binding pocket. Substitutions to single amino acids binding Sadenosyl-L-methionine decreased both methyltransferase activities to a range of extents. However, viruses that replicated at wild type levels could be recovered with mutations that reduced both activities by >75% suggesting that only a threshold level of methyltransferase activity was required for virus replication in vivo. Mutation of residues outside of regions directly involved in Sadenosyl-L-methionine binding or catalysis also affected methyltransferase activity and virus replication. The recovery of viruses containing compensatory second site mutations in the NS5 and NS3 proteins identified regions of the methyltransferase domain important for overall stability of the protein or likely to play a role in virus replication distinct from that of cap methylation.
The flavivirus NS5 protein possesses both (guanine-N7)-methyltransferase and nucleoside-2´-O methyltransferase activities required for sequential methylation of the cap structure present at the 5′ end of the flavivirus RNA genome. Seventeen mutations were introduced into the Dengue virus type 2 NS5 methyltransferase domain, targeting amino acids either predicted to be directly involved in S-adenosyl-L-methionine binding or important for NS5 conformation and/or charged interactions. The effects of the mutations on i) (guanine-N7)-methyltransferase and nucleoside-2´-O methyltransferase activities using biochemical assays based on a bacterially expressed NS5 methyltransferase domain and ii) viral replication using a Dengue virus type 2 infectious cDNA clone were examined. Clustered mutations, targeting the S-adenosyl-L-methionine binding pocket, or an active site residue, abolished both methyltransferase activities and viral replication demonstrating that both methyltransferase activities utilise a single S-adenosyl-L-methionine binding pocket. Substitutions to single amino acids binding Sadenosyl-L-methionine decreased both methyltransferase activities to a range of extents. However, viruses that replicated at wild type levels could be recovered with mutations that reduced both activities by >75% suggesting that only a threshold level of methyltransferase activity was required for virus replication in vivo. Mutation of residues outside of regions directly involved in Sadenosyl-L-methionine binding or catalysis also affected methyltransferase activity and virus replication. The recovery of viruses containing compensatory second site mutations in the NS5 and NS3 proteins identified regions of the methyltransferase domain important for overall stability of the protein or likely to play a role in virus replication distinct from that of cap methylation.
Cellular and many viral mRNAs contain a modified 5´ terminal guanosine "cap" structure covalently linked to the 5´ end of the mRNA. The study of mRNA cap formation, using viral, eukaryotic and protozoan systems has shown that the formation of the 5´ RNA cap structure requires three sequential enzymatic reactions. First, the 5´ terminal triphosphate of the nascent RNA is hydrolysed to a diphosphate by the enzyme RNA triphosphatase (TPase). Second, the RNA is capped with GMP in a 5´-5´ triphosphate linkage by mRNA guanyltransferase (GTase) and third, the guanosine is methylated at the N 7 position by a (guanine-N7)-methyltransferase (N7 MTase) using S-adenosyl-L-methionine (AdoMet) as a methyl donor to form a type 0 ( 7Me G 5' -ppp 5' N) cap structure (1, 2) . Nucleotides adjacent to the cap structure may be further methylated by nucleoside-2´-O methyltransferases (2´-O MTase), to give type I ( 7Me G 5' -ppp 5' N Me ) or type II cap structures ( 7Me G 5' -ppp 5' N Me N Me ). In the simplest case, such as for yeast, each of the enzymatic activities required for RNA capping resides in an individual protein.
However, studies on viral capping systems have revealed many interesting variations on the order and the location of the enzymatic activities involved in capping (3) . For vaccinia virus, the best characterised viral system, capping is performed by a heterodimeric enzyme. The larger D1 subunit has RNA TPase and GTase activities, whilst full N7 MTase activity requires the formation of a complex with the smaller D12 subunit (4) . A third protein, VP39, possesses 2´-O MTase activity and converts the cap from a type 0 to a type I structure. For dsRNA viruses of the family Reoviridae and negative strand RNA viruses of the order Mononegavirales, all of the enzymatic activities have been detected in single large multidomain proteins (5) (6) (7) . Structural studies on Reoviridae proteins have assigned distinct enzymatic activities to individual protein domains (8, 9) . By contrast, the N7 and 2´-O MTase activities contained in the L protein of Vesicular stomatis virus (VSV), share a common binding site for AdoMet (10) . This unusual MTase enzyme architecture has recently been proposed to be common to the flavivirus NS5 protein which exhibits both N7 and 2´-O MTase activities but has only a single AdoMet binding site (11, 12) .
The four serotypes of Dengue virus (DENV types 1-4) are members of the Flavivirus genus in the family Flaviviridae, along with a number of other medically important viruses such as West Nile virus (WNV), yellow fever virus (YFV) and Japanese encephalitis virus (JEV). The DENVs are transmitted by mosquitoes and infect up to 50 million individuals annually in sub-tropical and tropical regions of the world. Dengue is currently the most important arthropod-borne viral disease of humans and is described as an emerging disease because of its dramatic resurgence in recent years (13) . At present there is neither a safe and effective vaccine nor suitable anti-viral treatments to control dengue disease. Recent studies have shown that enzymes involved in viral capping have potential as anti-viral targets (14) (15) (16) . DENV, like other flaviviruses, has a single, positive stranded RNA genome of approximately 11 kb which contains a type I cap structure at the 5´ end but lacks a 3´ polyadenylate tail. The viral RNA contains a single long open reading frame encoding a single polyprotein which is cleaved by a combination of cellular signal peptidase and the virally encoded two component serine protease NS2B/NS3. Proteolysis yields three structural (C, prM and E) and seven nonstructural (NS) proteins; NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5 (17) . The C-terminal region of the flavivirus NS3 protein has been shown to possess TPase activity (18, 19) and presumed to act in concert with the NS5 protein which contains both N7 and 2´-O MTase activities (11, 12) to cap the viral genome.
The NS5 protein is 900 amino acids in size and contains two domains. Enzymatic activities involved in RNA capping are confined to a Nterminal domain whilst a C-terminal domain contains RNA dependent RNA polymerase (RdRp) activity (20) (21) (22) (23) (24) (25) (26) . The N-terminal 296 amino acids of DENV-2 NS5 was initially shown to possess 2´-O MTase activity and the ability to bind GTP (12) . Subsequently, the MTase domains of WNV, DENV and YFV NS5 were found to also possess N7 MTase activity (11, 27) . The x-ray crystal structure of the DENV-2 MTase was the first flavivirus MTase structure to be determined (12) . More recently, 15 flavivirus MTase x-ray structures, including those of WNV (27) , Murray Valley encephalitis (28) and Meaban virus (29) , in complex with AdoMet, S-adenosyl-Lhomocysteine (AdoHcy), ribavirin (14) and a range of other cap analogues (30) have been determined. The crystal structures of both the DENV and WNV RdRp domains have also been recently solved (26, 31) . Based on genetic and structural data, the structures of the WNV MTase and RdRp domains were assembled in silico, providing a hypothetical overall structural view of the flavivirus NS5 protein (31) . Although the flavivirus MTase is now one of the best structurally characterised viral MTase structures, little is still known concerning the mechanisms by which the NS5 protein carries out its multifunctional roles in RNA capping.
To obtain further insight into the regions of the flavivirus NS5 protein that participate in N7 and 2´-O MTase activities, we have introduced a number of mutations into the DENV NS5 MTase domain, targeting either residues involved directly in AdoMet binding or proposed to be involved in NS5 conformation and/or charged interactions. The effects of these mutations on i) N7 and 2´-O MTase activities using biochemical assays based on bacterially expressed forms of the NS5 MTase domain and ii) viral replication has been examined using a DENV-2 infectious cDNA clone. Using this approach we have identified a number of amino acid mutations that commonly and differentially affect N7 and 2´-O MTase activities and regions of the protein that are likely to be involved in protein-protein interactions or overall stability of the protein.
and the production of DENV-2 stocks in C6/36 cells have all been described previously (32, 33) . The titre of recombinant viruses in tissue culture media was determined either by a) plaque assay in C6/36 cells at 28 °C or Vero cells at 37 °C as described previously (32) or b) TCID 50 assay in Vero cells as follows. Viral stocks were serially diluted tenfold in Eagles minimal essential medium supplemented with 2% (v/v) foetal calf serum. Aliquots of each dilution were added to 1 x 10 4 Vero cells in the same medium in each of 12 wells of a 96-well plate. Plates were incubated at 37°C for 7-8 days and then examined for cytopathic effect. The TCID 50 was calculated according to the method of Reed and Muench (34) . Viral titres were calculated either as plaque forming units (pfu) or TCID 50 per ml of initial virus inoculum respectively. Introduction of NS5 mutations into genome length DENV cDNA-Mutations encoding changes in NS3 and NS5 amino acids were introduced into the genomic length DENV-2 strain New Guinea C (NGC) cDNA clone pDVWS601, which yields the virus v601 (32, 33 50 /ml) and used to infect Vero cells at a multiplicity of infection of 3. Each infection was allowed to proceed until there was extensive cytopathic effect. An aliquot of the culture supernatant was used to infect a second Vero cell monolayer. This procedure was repeated until the virus mixture had been passaged three times in Vero cells. RNA was extracted from the culture supernatants after each passage and the presence of the introduced mutations verified by RT-PCR and sequencing as described above.
Expression and purification of wildtype and mutant DENV-2 NGC NS5 MTase-Competent E.coli strain M15(pREP4) (Qiagen) were transformed with wild type or mutant pQE30-NS5 MTase expression vectors and grown overnight on Luria broth (LB) agar plates containing 100 µg/ml ampicillin and 10 µg/ml kanamycin. A single colony was picked and grown overnight in 5 ml of LB medium. This was inoculated into 500 ml of LB media (100 µg/ml ampicillin, 10 µg/ml kanamycin) and the cells incubated with shaking (220 rpm) at 37 °C until the OD 595 was ~0.5. Cultures were induced with 0.4 mM IPTG and growth was continued for a further 5 h at 30 °C for the wild type MTase and 12 h at 16 °C for the mutant MTase proteins. The cells were then pelleted by centrifugation and resuspended in 15 ml of cold buffer A (50 mM Bicine pH 7.5, 300 mM NaCl, 5 mM imidazole, 10% (v/v) glycerol) per litre. Cells were sonicated and the debris was removed by centrifugation at 50,000 g for 30 min. The protein solution was loaded onto a 5 ml HiTrap chelating HP (Amersham Biosciences) column, equilibrated, washed and eluted with buffer A and a linear gradient concentration of imidazole from 5-500 mM. The eluted proteins were concentrated and stored in 50 mM Bicine, pH 7.5, 0.15 M NaCl, 1 mM DTT and 10% (v/v) glycerol.
N7 and 2´-O MTase activity assays-
The determination of the N7 MTase activities of the wild type and mutant NS5 MTase proteins was performed in duplicate, in a reaction mixture
(64-72Ci/mmol; Amersham Biosciences), 1-5 µg of GTP-capped RNA comprising nt 1-211 of the DENV-2 5´ UTR (in vitro transcribed in the presence of biotinylated CTP using the T7 RiboMax Express kit from Promega) and 100 nM enzyme in assay buffer (50 mM TrisHCl pH 7.5, 20 mM NaCl, 2 mM DTT, 0.05% CHAPS and 5U RNasin inhibitor; (11, 27) ) at room temperature (22° C). The extent of methylation at the N7 and 2´-O positions of the capped RNA transcript was determined by removal of the cap from the RNA by tobacco acid pyrophosphatase (TAP) digestion as follows. The RNA in the reaction mixtures was purified by phenol extraction and ethanol precipitation. Half of each purified RNA sample was then treated with TAP in a 50 µl reaction mixture containing 1X TAP reaction buffer and 10 U of TAP (Epicentre Biotechnologies, Madison, USA) for 2 h at 37 °C before addition of 2X stop solution (200 mM TrisHCl, pH 7, 100 mM EDTA, 600 mM NaCl and 125 µM cold S-adenosyl-L-methionine) containing 8 mg/ml streptavidin SPA beads. As a control, the remaining half of the purified RNA sample was similarly treated but in the absence of TAP. All TAP treated and untreated samples were transferred to a 96-well white opaque plate (Corning Costar, Acton, MA), shaken for 30 min at 750 rpm and centrifuged for 2 min at 1200 rpm before analysis of The reactions were performed directly in a 96 well plate at room temperature (22° C). The reactions were stopped with 25 µl of 2X stop solution containing 8 mg/ml streptavidin SPA beads and the plates treated and analysed as described above. All data points were measured in triplicate.
RESULTS

Selection of amino acid mutations for introduction into the NS5 MTase domain.
Structural analysis has revealed that the DENV-2 MTase contains three subdomains (12) . The core MTase domain (residues 55-222), responsible for AdoMet binding and catalytic activity, is comprised of a seven stranded β sheet surrounded by four α helices (Fig. 1A ). An N-terminal extension to the core domain (subdomain 1) has been shown to contain a GTP binding pocket whilst the function of the C-terminal subdomain has not been elucidated. Structural and sequence alignments have identified a number of conserved sequence motifs which have been predicted to be involved in AdoMet binding and MTase catalysis (12, 35, 36) (Fig. 1B) . To identify residues of the DENV-2 NS5 protein that are required for N7 and 2´-O MTase activities and/or important for virus replication, we introduced a number of single site and multiple mutations including clustered-chargeto-Ala mutations into the DENV-2 NS5 gene. In total seventeen mutations were selected based on either their a) predicted effects on AdoMet binding or MTase catalysis or b) presence in highly conserved sequence motifs common to MTases or clusters of charged surface exposed amino acids. Based on the structure of the MTase bound to AdoHcy, residues S56, W87 and D131, were predicted to be involved in AdoMet binding ( Fig.  1C ) (12) . The side chain oxygen of S56 and the main chain nitrogen of W87 were predicted to form hydrogen bonds with the methionine component of AdoMet. S56 was substituted with Ala and Thr, and W87 with Ile, Lys and Tyr. A side chain oxygen of D131 was predicted to form a hydrogen bond with the adenine moiety of AdoMet. D131 was substituted with Ala, Asn and Glu. Amino acids located in "motif I" (Fig 1B) are highly conserved between MTases and predicted to be involved in formation of the AdoMet binding pocket (37) . Two groups of amino acids in motif I were targeted, these were D79/L80 and G81/G83/G85 (Figs. 1B & C). Five regions in the core MTase subdomain were selected for clustered charged-to-Ala mutagenesis based on sequence conservation amongst flaviviruses and proximity to conserved motifs shared amongst MTases. The groups of amino acids substituted with Ala were, K76/D79, E138/K139/D141, D146/E149 and E192/K193/E195 (Fig 1B) . In addition to the mutations in the core MTase domain, substitution of the residues K46/R47/E49 with Ala and mutation of G48 to Ala and Pro were examined. These residues were located in a loop between the A3 helix of the N-terminal GTP binding subdomain and the core MTase sub-domain and predicted to be important for the flexibility of the loop and possibly interactions between the subdomains 1 and 2. The selected mutations were introduced into the NS5 gene and their effects on virus viability and MTase activities examined as described below.
Expression and purification of the wild type and mutant DENV NS5 MTase domains. The Nterminal 296 amino acids of bacterially expressed DENV NS5 has previously been shown to exhibit 2´-O MTase (12) and more recently N7 MTase (27) activities. To examine the effects of the seventeen selected MTase mutations on these activities, they were individually introduced into a bacterial expression construct encoding a Nterminal 6xHis tag fused to amino acids 1-296 of the parental DENV-2 strain New Guinea C (NGC) NS5 protein. Recombinant proteins containing the various mutations were expressed in bacteria and purified using nickel-nitrilotriacetic acid affinity chromatography. Although the NGC MTase domain was soluble and purified to near homogeneity, a number of the selected mutations reduced the solubility of the protein. However, by varying protein expression conditions, all of the recombinant proteins were produced in a soluble form in sufficient yield for purification. Analysis of the recombinant proteins by SDS-PAGE showed they were approx 34 kDa in size as expected (Fig. 2) .
Effects of the mutations on N-7 and 2′ -O MTase activities. Using a recombinant DENV-2 strain TSVO1 MTase protein we have recently developed N7 and 2´-O MTase activity assays based on a streptavidin bead-based scintillation proximity method (Lim et al., manuscript in preparation; (38) (39) , the demonstration of N7 MTase activity relied on the use of a GTP capped RNA transcript corresponding to the first 211 nucleotides of the DENV-2 5´ UTR as a substrate, neutral pH (7.5) and the presence of 20 mM NaCl. Under these conditions there was detectable 2´-O MTase activity (data not shown). To ensure the [methyl-3 H] incorporation measured was due to N7 MTase activity, the N7 methylated cap was removed from the RNA substrates by digestion with tobacco acid pyrophosphatase and the incorporation of [methyl-3 H] into the RNA and cap structure determined. The N7 MTase activities of the mutant proteins were measured after 20 min, a time at which N7 activity of the wild type protein had plateaued and there was minimal 2´-O MTase activity. The 2´-O MTase activity of the wild type MTase protein could be detected using a short GTP-capped RNA with the sequence GpppAGAACCUG as a substrate and was optimal at pH 7 without NaCl. Under these conditions N7 MTase activity was undetectable. The 2´-O MTase activity of the mutant proteins was measured after 2 hrs to distinguish between mutants which had weak or no MTase activity. The effects of each mutation on N7 and 2´-O MTase activities was assayed in triplicate and the results presented in Figs. 3C & D.
Substitution of amino acids directly contacting AdoMet had a range of effects on N7 and 2´-O MTase activities (Fig. 3C) . The mutation S56A abolished both MTase activities whereas the mutation S56T decreased N7 activity by 93% but did not affect 2´-O MTase activity. The mutations W87I and W87K decreased N7 MTase activity by 93-98% and abolished 2´-O MTase activity whereas MTase containing the W87Y mutation retained 26% N7 and 6% 2´-O MTase activities respectively. The mutations D131A, D131E and D131N had varying effects on the MTase activities. The D131A mutation reduced N7 activity by 95% and abolished 2´-O MTase activity, whereas the D131E mutation increased N7 activity and caused a 28% decrease in 2´-O MTase activity. The D131N mutation had an intermediate effect, decreasing the N7 and 2´-O MTase activities by 37 and 75% respectively. In contrast to most of the mutations targeting single amino acids involved in AdoMet binding, the clustered mutations which targeted the AdoMet binding pocket (K76A/D79A, D79A/L80I, G81A/G83A/G85A), or the active site residue D146 (D146A/E149A) all abolished or severely reduced (>90%) both N7 and 2´-O MTase activities (Fig. 3C) .
A number of the mutations targeting residues not known to be directly involved in AdoMet binding or 2´-O MTase catalytic activity also affected MTase activity (Fig. 3D) . The clustered mutation K46A/R47A/E49A was the only mutation to totally abolish 2´-O MTase activity whilst retaining almost wild type (91%) N7 MTase activity. By contrast, mutation of G48, which lay within the K46/R47/E49 cluster, affected both MTase activities. The mutation G48A reduced N7 and 2´-O MTase activities by 60 and 80% respectively whilst the mutation G48P abolished both activities. The mutation E138A/K139A/D141A resulted in slight increases in both N7 (116%) and 2´-O MTase (113%) activities whereas the mutation E192A/K193A/E195A led to a slight decrease (22%) in N7 activity but increased 2´-O MTase activity (113%) compared to the wild type enzyme. Overall the results of the biochemical assays show that both N7 and 2´-O MTase activities were severely effected by mutations predicted to disrupt binding of AdoMet to the single, structurally defined binding site, confirming predictions that the two MTase activities utilise a common AdoMet binding site. In addition, specific mutations outside of this region could also have a presumably indirect effect on both MTase activities.
The effects of the mutations on virus viability.
To examine whether the effects of the mutations on MTase activity in vitro, correlated with those on virus viability in vivo, the mutations were introduced into the DENV-2 strain NGC infectious cDNA clone pDVWS601. RNA transcribed from pDVWS601 yields infectious virus (v601) when introduced into permissive cells (32, 33) . RNA was transcribed from the parental and each of the seventeen mutant constructs in vitro and transfected into BHK-21 cells. The BHK-21 cells were incubated at 33 and 37 ºC after transfection to aid the recovery of any temperature sensitive viruses. After 3 days, the transfected BHK-21 cells were examined for evidence of viral replication by immunofluorescence assay (IFA) using a monoclonal antibody against the viral envelope protein. The BHK-21 cell culture media were collected and passaged twice in Aedes albopictus C6/36 cells, to produce a final virus stock. The retention of the introduced mutations was confirmed by RT-PCR and sequencing and the titre of viral stocks used for further experiments determined. These procedures were repeated at least twice for each mutant construct. The results are described below and summarized in Table 1 .
Mutations affecting AdoMet binding and MTase catalysis. Viruses were reproducibly recovered from RNA transcripts containing the single amino acid substitutions S56A, S56T, W87Y, D131A, D131E, and D131N after transfection into cells, even though the majority of these mutations severely reduced either one or both of the MTase activities in vitro. However, sequencing of the NS5 genes of the recovered viruses revealed that only 3 of the 6 recombinant viruses still retained the originally introduced mutation (v601-NS5 W87Y , v601-NS5 D131E and v601-NS5 D131N ). v601-NS5 S56T and v601-NS5 S56A had both undergone a single nucleotide change reverting to the original parental codon at S56, whilst v601-NS5 D131A had undergone a single nucleotide change to encode the mutation D131E, that was a stable mutation in the virus. To determine whether the mutations S56A, S56T, and D131A allowed a limited level of replication before reversion, the specific infectivity of RNA transcripts containing the mutations and the production of viral protein in initially transfected cells was examined by immunofluorescence assay (Table 2 ). There was a clear difference in the specific infectivity of RNA transcripts containing mutations that were viable and those that reverted, which had similar specific infectivities to lethal mutations. In combination with the IFA results, the data suggested that the mutations S56A, S56T, and D131A did not permit sustained viral replication. The strong selective pressure to restore viral replication by reversion of the mutations at S56 and D131 supported the importance of these residues for viral replication.
By contrast, viruses were not recovered at detectable levels from the RNA transcripts containing the single amino acid substitutions W87I and W87K or the multiple mutations K76A/D79A, D79A/L80I, G81A/G83A/G85A and D146A/E149A. In addition, for these mutant transcripts, there was no evidence of initial virus replication in transfected cells by immunofluorescence assay, or for W87I and W87K by the specific infectivity assay (Table 2) . Collectively, these mutations had the greatest effect on both N7 and 2´-O MTase activities in vitro with a > 90% reduction and unlike the S56A, S56T and D131A mutations could not easily revert to the original mutation.
Mutations outside of regions directly involved in AdoMet binding and MTase catalysis.
Transfection of RNA transcripts containing the mutations K46A/R47A/E49A, G48A, G48P, E138A/K139A/D141A and E192A/K193A/E195A into cells subsequently incubated at 37 °C, resulted only in the recovery of viruses for the single site mutations G48A, and G48P. RT-PCR and sequencing of the recovered viruses revealed that the mutation G48A was stably retained whilst v601-NS5 G48P contained a mixed sequence at codon 48, encoding either the stable mutation G48A (requiring a single reversion (CCA → GCA)) or the wild type G48 (requiring a double reversion (CCA → GGA). Analysis of the specific infectivity of transcripts containing the G48P mutation revealed a low level of viral replication in transfected cells which could have facilitated reversion (Table 2) , once again suggesting there was strong selective pressure to restore the function abrogated by the mutation. Although virus was not routinely recovered from cells incubated at 37 °C after transfection with RNA transcripts containing the E138A/K139A/D141A mutation, virus (v601-NS5 E138A,K139A,D141A ) was always recovered if the cells were incubated at 33 °C. As RT-PCR and sequencing confirmed the presence of the E138A/K139A/D141A mutation, it appeared that v601-NS5 E138A,K139A,D141A was temperature sensitive.
Growth properties of the recovered viruses.
The end point titres of three of the recombinant viruses which had stably maintained the original mutation during the virus recovery process (v601-NS5 G48A , v601-NS5 W87Y , and v601-NS5 D131N ) were not markedly reduced in comparison to the titre of the parental virus which conflicted with their effects on N7 and 2´-O MTase activities in vitro. The replicative properties of the mutant and parental recombinant viruses were therefore examined further by growth curve analysis in Vero cells (Fig. 4A) . None of the mutations appeared to significantly impair virus growth compared to the parental v601 virus.
To determine whether the mutations caused a decrease in viral fitness that may not have been reflected in the growth curve analysis, a competition experiment was performed. Mixed populations of the wild type and mutant viruses (1:10 TCID 50 ) were used to infect Vero cells and viruses in the culture supernatants repeatedly passaged. The initial relative levels of the mutant viruses v601-NS5 W87Y , v601-NS5 D131E and v601-NS5 D131N were maintained after three passages in Vero cells whereas v601-NS5 G48A was outgrown by the wild type virus after two passages (supplemental Fig S1) . The G48A mutation was the only one of the four mutations outside of the AdoMet binding pocket and may have had pleitropic effects on virus replication.
Overall, the results of the biochemical and viral growth analysis suggested that virus viability required a threshold level of N7 MTase activity. It appeared that there was no firm correlation between the relative effects of the mutations in vitro and in vivo. However further analysis of the N7 methylation of the substrate RNA by the mutant MTase proteins at later time points revealed that N7 methylation by the G48A, W87Y and D131N MTases (83%, 100%, and 89% respectively) had approached the wild type level (100%; data not shown). Once a virus was recovered, it replicated at wild type levels rather then the levels predicted by the reduction in MTase activity in vitro.
Analysis of second site mutations that facilitated virus recovery. The mutations K46A/R47A/E49A, E192A/K193A/E195A and E138A/K139A/D141A resulted in lethal and temperature sensitive viral phenotypes respectively, despite retaining sufficient MTase activity to allow virus recovery compared to other mutations. This suggested that these residues were involved in MTase domain functions other than MTase activity. Interestingly, after repeated transfection attempts with RNA transcripts containing the mutations K46A/R47A/E49A, E192A/K193A/E195A and E138A/K139A/D141A, viruses (termed v601-NS5 (K46A,R47A,E49A)R , v601-NS5 (E192A,K193A,E195A)R and v601-NS5 (E138A , K139A,D141A)R , respectively) were sporadically recovered from cells subsequently incubated at 33 °C and 37 °C respectively (Table  1) . However, RT-PCR and sequencing confirmed the presence of the introduced mutations in each of the recovered viruses. Previous characterisation of virus sporadically recovered from transfection of RNA transcripts containing the mutation K46A/R47A/E49A (v601-NS5 (K46A,R47A,E49A)R1 ) led to the detection of the compensatory second site mutation Leu→Val at residue 512 in the RdRp of NS5 in addition to the originally introduced mutations (31) . To determine whether the genomes of the viruses v601-NS5 (E138A,K139A,D141A)R and v601-NS5 (E192A,K193A,E195A)R also contained compensatory second site mutations, the viral RNA was isolated and the full genome sequences determined. It was found that all viruses contained one or more second site mutations in addition to the originally introduced mutations (Table 1) . v601-NS5 (E138A,K139A,D141A)R contained a Lys→Ile substitution at residue 101 in the NS5 protein and an adenine insertion between nt 10444 -10450 in the 3' UTR. v601-NS5 (E192A,K193A,E195A)R carried a Ala→Gly substitution at residue 70 within the protease domain of the NS3 protein. In order to confirm that the second site mutations were able to compensate for the effects of the initially introduced mutations, they were introduced either alone, or in combination with the originally introduced mutation into the clone pDVWS601. In the case of v601-NS5 (E138A,K139A,D141A)R , two mutations were identified in the recovered virus, one in the MTase domain and the other in the 3' UTR. Although it was possible that both mutations acted to restore viral replication, based on a structural analysis of the MTase domain (see Discussion) only the mutation NS5 K101I was selected for introduction into the DENV-2 genome. Four mutated clones were produced containing either the NS5 mutation/s K101I, or K101I/E138A/K139A/D141A, the NS3 mutation A70G or the NS3 A70G and NS5 E192A/K193A/E195A mutations and used for virus recovery. Viruses containing only the introduced mutations were recovered in all cases, both from BHK-21 cells incubated at 33 °C and 37 °C after transfection. The growth kinetics of the recombinant viruses were then analysed in Vero cells (Fig. 4B) . The parental virus v601, replicated to a peak titre of 2.45 x 10 5 pfu/ml by 96 hrs after infection. Virus v601-NS5 K101I,E138A,K139A,D141A reached a peak titre 2 fold higher (5.3 x 10 5 ) than v601 by 72 hrs post infection. By comparison, viruses v601-NS5 K101I, v601-NS3 A70G NS5 E192A,K193A,E195A and v601-NS3 A70G , showed delayed replication kinetics and lower peak titres. Viruses v601-NS5 K101I and v601-NS3 A70G NS5 E192A,K193A,E195A reached maximal titres at 72 hrs after infection which were 5 (4.1 x 10 4 pfu/ml) and 16 fold (1.6 x 10 4 pfu/ml) lower than the parental virus whereas virus v601-NS3 A70G reached a peak titre at 48 hrs post infection which was 80 fold lower (2.9 x 10 3 pfu/ml) than the peak titre of v601. Mutation K101I maintained virus replication in combination with the original mutation E138A/K139A/D141A, but alone led to a decrease in virus titre indicating the mutations most probably acted synergistically. By comparison, although the presence of the NS3 mutation A70G rescued the original NS5 E192A/K193A/E195A mutation, resulting in a virus with impaired replication, the presence of the NS3 A70G mutation alone, severely decreased virus replication. These results and our previous findings support the view that the MTase has a role in viral replication additional to that of cap methylation. This was particularly clear for the NS3 A70G mutation which pinpoints a genetic interaction between the NS5 MTase and the NS3 protease.
DISCUSSION
Structural analysis and MTase activity assays using short capped RNA transcripts first demonstrated that the DENV-2 MTase domain was a 2´-O MTase and suggested it was unlikely to function as a N7 MTase (12) . However, recent studies with WNV and VSV have demonstrated that viral MTase domains can be remarkably flexible and catalyse both N7 and 2´-O methyltransfer (11, 40) . To further our understanding of how the flavivirus MTase domain functions as a dual MTase, we examined the effects of mutating residues that are either directly involved in AdoMet binding, or surface exposed and lying outside of AdoMet binding and catalytic residues, on DENV-2 N7 and 2´-O MTase activities and virus viability. Mutation of AdoMet binding residues confirmed that both N7 and 2´-O MTase activities utilise a single AdoMet binding pocket and demonstrated that disruption of the conformation of the AdoMet binding pocket destroyed virus replication. Residues outside of key conserved AdoMet binding and catalytic residues were identified that influenced MTase activity, most likely by changing the overall conformation of the MTase domain. This study also provides evidence that the MTase domain plays a role in virus replication distinct from that of cap methylation.
The demonstration of WNV N7 MTase activity relied on the use of a specific RNA substrate corresponding to the first 190 nts of the WNV genome (11, 41) . Similarly, we found that the N7 MTase activity of the DENV-2 MTase domain was active using an RNA substrate corresponding to the first 211 nts of the DENV-2 genome but not using short capped RNA substrates that could be 2´-O methylated. The N7 and 2´-O MTase activities of DENV-2 were found to be optimal at pH 7.5 and 7 respectively (Lim et al manuscript in preparation). This differed from the WNV MTase, where the pH optima for the N7 and 2´-O MTase activities were found to be pH 7 and 10 respectively (27) . As there was measurable 2´-O MTase activity under conditions optimal for the assay of N7 MTase activity, the incorporation of [methyl-3 H] into the RNA substrate by the N7 MTase was precisely determined by removal of the methylated cap by TAP treatment. The effects of the mutations on each of the MTase activities could therefore be compared independently of the other. However, when considering the effects of the mutations on viral replication, the sequential effect of N7 MTase activity on 2´-O MTase activity needs to be taken into account.
Mutations which severely reduced (>90%) or totally abolished both MTase activities in vitro abolished viral replication, demonstrating the requirement of one or both MTase activities for viral replication. Previous mutagenesis of the WNV NS5 2´-O MTase catalytic tetrad K61, D146, K182 and E218 differentially affected N7 and 2´-O MTase activities. Although all four amino acids were essential for 2´-O MTase activity, only D146 was essential for N7 MTase activity (11) . Furthermore, N7 but not 2´-O MTase activity appeared to be essential for virus replication (27) . Our results support this conclusion. Four mutant viruses were recovered which replicated at wild type levels at 37 °C. The corresponding mutant MTase proteins all retained > 25% N7 MTase activity whilst their 2´-O MTase activities ranged from 6-75%. By contrast, MTase protein containing the lethal mutation S56T, had only 7% N7 MTase activity but wild type levels of 2´-O MTase activity, suggesting that the level of N7 MTase activity dictated virus recovery. However, it was difficult to correlate the effects of mutations which retained >25% N7 MTase activity in vitro with viral replication levels. It appeared there was a minimum threshold level of N7 MTase activity in vitro, which once exceeded was sufficient to permit virus replication at wild type levels. Although the mutation K46A/R47A/E49A maintained almost wild type N7 MTase activity whilst entirely abolishing 2´-O MTase activity, it proved lethal when introduced into the viral genome. However we have previously shown that this effect on virus replication is most likely due to perturbation of an interaction between the MTase and RdRp domains rather than the lack of 2´-O MTase activity (31) .
A number of studies have used mutagenesis to demonstrate that the overall conformation of the AdoMet binding pocket and specific amino acid contacts with AdoMet are critical for MTase activity (10, 39, 40, (42) (43) (44) . In this study we examined the effect of three mutations, each targeting multiple residues in motif I (K76A/D79A, D79A/L80I, G81A/G83A/G85A, supplemental Figure S2A ) and 10 mutations targeting three residues (S56, W87 and D131, supplemental Figure S2B ) which interacted directly with AdoMet.
The three mutations targeting motif I abolished both N7 and 2´-O MTase activities in vitro and virus replication in vivo demonstrating that both N7 and 2´-O MTase activities were reliant on the use of a single NS5 AdoMet binding site. Studies on the N7-MTases of vaccinia virus and yeast and the dual functional MTase of VSV have shown that similarly to this study, the introduction of clustered mutations into motif I led to the loss of MTase activity (40, 45) . However it was found that when single residues were mutated, that not all of the conserved residues were required for MTase activity. For vaccinia virus and yeast, mutation of a Gly residue corresponding to DENV-2 G83 was the only residue found to be strictly essential for MTase activity (43, 44) . Interestingly, for VSV, substitution of specific Gly residues with Ala was found to have differential effects on N7 and 2´-O MTase activities (40) . In contrast to DENV, mutation of all three Gly residues in motif I of VSV led to the recovery of infectious virus which replicated to a 1000 fold lower peak titre than the parental virus suggesting either a stricter requirement for flavivirus cap methylation or that the Gly residues are more important in the overall structure of NS5. Structural examination of the mutations K76A/D79A and D79A/L80I suggested that mutation of D79 which forms two water mediated hydrogen bonds, the first to AdoMet, and the second to the carbonyl oxygen of L80 and the main-chain nitrogen atom of the catalytic residue D146 was the most important in terms of AdoMet binding and viral replication (Fig. 1C,  supplemental Fig S2A) .
Three NS5 residues (S56, W87 and D131) were mutated that were shown by structural analysis to contact AdoHcy/AdoMet directly. These residues have also been recently mutated to Ala in a study investigating the WNV MTase (39) . Removal of the Ser hydroxyl group by mutation to Ala was found to completely abolish both MTase activities for DENV and severely decrease them for WNV, whereas substitution with Thr had no effect on 2´-O MTase activity but diminished N7 activity by 93 %. The results demonstrated that the conformational change in the AdoMet binding pocket due to the introduction of Thr in place of the Ser side chain severely effected N7 activity whereas 2´-O MTase activity was reliant on AdoMet stabilisation via a hydrogen bond with a hydroxyl side chain at residue 56. Mutation of S56 in the context of the viral genome, both for DENV and WNV, resulted in rapid reversion of the mutations to the wild type sequences, precluding viral replication studies. However the strong selective pressure for reversion at this residue supported the importance of S56 in viral replication.
Substitution of W87 with Ile and Lys had a severe effect on both N7 and 2´-O MTase activities and abolished virus replication. The substitution W87A in the WNV MTase had comparable effects on the MTase activities and viral replication. By contrast, substitution of W87 with Tyr, a similarly bulky amino acid, reduced N7 MTase activity and severely decreased 2´-O MTase activity whilst not effecting virus replication. This mutation supported the importance of N7 but not 2´-O MTase activity in viral replication. W87 is predicted to form a hydrogen bond with AdoMet via its main-chain nitrogen, which should also be possible for any other amino acid. The finding that charged or aliphatic side chains were not tolerated at this position suggests that the bulky side chain of aromatic residues may have additional roles in methyltransfer other than binding the methyl donor.
Mutation of the Ecm1 N7 MTase revealed that contacts to the methionine and ribose components of AdoMet were essential to function (46, 47) whereas individual contacts to the adenine base were either not essential or redundant. In this study, substitution of D131 with Ala, breaking the H bond formed between the Asp side chain oxygen and adenine, had a severe effect on both N7 and 2´-O MTase activities, whereas substitution with Glu or Asn which both possess a side chain oxygen retained sufficient MTase activities to allow virus replication. The Asn substitution had a greater effect on both N7 and 2´-O MTase activities, suggesting that the negative charge on the side chain played a role in AdoMet binding.
Examination of the effects of mutations located outside of the AdoMet binding pocket identified regions of the MTase that contributed to overall protein function/stability and interactions. The K46A/R47A/E49A, G48A and G48P mutations mapped to helix A3 and the neighbouring loop structure in the N-terminal subdomain of the MTase domain (Figs. 1A & B) . The N terminal subdomain is involved in GTPbinding in conjunction with the β4-αD loop of the core domain. Helix A3 is not directly involved in GTP binding, however this region may be important in maintaining the orientation of helix αX which contains the conserved 2´-O MTase catalytic residue K61, and has been suggested to be on the edge of the RNA binding pocket binding (27) . The effects of the mutations on MTase activities and viral replication supported the role of this region in the overall conformation and function of the MTase.
Substitution of E138, K139 and D141 with Ala appeared to destabilise the conformation of the MTase domain leading to a temperature sensitive defect in viral replication that was recovered by the introduction of the second site mutation K101I. Structural analysis supported the view that although E138, K139 and D141 are surface located, away from the immediate AdoMet or GTP-binding sites, they were important for maintaining the functional conformation of the MTase. D141 is situated at the top of the β4-strand and E138 in the loop preceding it. Both residues participate in the formation of intermolecular bonds connecting the β4-strand with the β2 and β1-strands (supplemental Fig S2) . In support of the genetic data, the oxygen atom of the E138 sidechain forms a salt-bridge with the nitrogen atom of the side-chain of K101 located on the β2 strand. The introduction of Ala at position 138, removed a salt bridge leaving a free charged residue (K101) which presumably, destabilised the local domain structure at 37 °C. The introduction of the mutation K101I into the virus v601 (E138A,K139A,D141A)R appeared to restabilise the MTase.
Interestingly, the mutation E192A/K193A/E195A abolished virus replication but had little effect on N7 and 2´-O MTase activities. The mutated residues are surface exposed in helix αE, well removed from the AdoMet and GTP-binding sites. The recovery of a virus containing the E192A/K193A/E195A mutation and additionally the mutation A70G in the protease domain of NS3 suggested that helix αE of the MTase, encompassing residues 187 to 202, interacts with the NS3 protease domain. Previous studies using DENV-2 have demonstrated that NS3 and NS5 interact in infected cells (48) and defined regions in the NS5 RdRp and NS3 helicase domains that interact in a yeast two hybrid assay (49) . However, NS5 residues 1-316 and NS3 residues 1-178 could not be complemented in trans using a KUNV replicon system (50, 51) , suggesting that the genetic interaction identified in this study may pinpoint regions of the NS3 and NS5 proteins that interact in cis during the formation of the replication complex in vivo. The importance of helix αE for virus replication is supported by the finding that substitution of E192 and E193 with Ala abolished DENV-4 virus replication (52) . NS3 residue A70 is located five residues upstream from the catalytic D75 required for NS3 protease activity. It is not apparent from the structure of NS2B-NS3 (53) or the nature of the A70G substitution how a Gly at position 70 could compensate for the effects of the E192A/K193A/E195A mutation. The residue at position 70 is an Ala in all DENV serotypes but is substituted with Gly in several other flaviviruses including WNV suggesting that Gly could be tolerated at this position in DENV-2. The A70G substitution within NS3 possibly restores the interaction between NS5 and NS3 by allowing an alternative arrangement of residues able to compensate for the effect of the mutation. Alternatively the A70G substitution may have altered the proteolytic activity of the NS2B/3 proteinase such that it restored viral replication.
The results of this study highlight the multifunctional role of the NS5 MTase domain in the virus lifecycle and the importance of NS5 conformation in mediating these functions.
Mutation of the MTase domain has pinpointed a number of residues that are likely to be involved in more than one NS5 function and are therefore interesting targets for the development of antiviral agents against Dengue virus. 
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